Changes induced in the ionic composition of the surface of herpes simplex virus (HSV) infected cells were evaluated by whole cell electrophoresis and isoelectric focusing. The kinetics of the progressive decline in cell electrophoretic mobility (a measurement of negative surface charge density) after infection corresponded to the production of infectious virus. The observed HSV-induced increase in cell isoelectric focusing pH demonstrated that the electrokinetic cell surface became ionically more positive. The nature of the ionic changes were investigated using a series of specific reagents in conjunction with cell electrophoresis. Infected cells had 2. 4 times more surface binding sites for the amino-specific reagent 4-acetamide-4'-isothiocyanostilbene-E,a'-disulphonic acid. A relationship betweeen these virusinduced amino groups and HSV surface antigens was indicated by the similar kinetics of their appearance and electrophoretic neutralization by HSV antibodies.
INTRODUCTION
Herpes simplex virus (HSV) induces a number of immunological, biochemical and biophysical changes in the plasma membrane of infected cells (Roizman & Furlong, I974) . Several different immunological studies have been used to demonstrate the appearance of HSV specific antigens at the cell surface beginning as early as 4 to 6 h after infection (O'Dea & Dineen, I957; Roane & Roizman, 1964; Brier et al. I971 ; Shore et al. 1974; Savage et al. I972 )-The presence of HSV glycoproteins has been cited as circumstantial evidence for their involvement in a number of HSV-induced physical changes in the plasma membrane (Roizman & Heine, I972; Roizman & Furlong, I974) which may result in increases in intracellular adhesiveness (Ejercito et al. I968) , membrane permeability (Kamiya et al. I965) , and in the number and length of surface microvilli (Wilbanks & Campbell, I972) . In addition, infected cells adsorb non-specifically the Fc fragment of IgG immunoglobulin (Yasuda & Milgrom, 1968; Westmoreland & Watkins, I974) . Watkins 0965) has suggested that this effect might be a reflection of an electrostatic change at the HSV infected cell surface. Consequently, this investigation was designed to: (1) examine the electrostatic nature of the surface of cells at various times after HSV infection, (2) correlate observed changes with ICN Pharmaceuticals, Inc., Life Sciences Group, Cleveland, Ohio) was covalently linked to surface amino groups by suspending uninfected WRE cells, or WRE cells infected for I2 h with HSV-I, in PBSu containing IO raM-SITS for 45 min (Maddy, 2969) . All cells were washed three times in PBSu before determining electrophoretic mobility as described.
Experiments involving cell surface antibody reactions were done using control or infected WRE, SHE, or A3I cells, harvested as described above. The cells were exposed in suspension for 30 min at 22 °C to non-immune sera or HSV-specific antisera diluted 2/Iooo in PBSu, washed once in PBSu and analysed electrophoretically as described.
Isoelectric focusing of cells. Jn preparation for cell isofocusing, WRE cells were labelled for Io h with ~SS-methionine (Io #Ci/ml; New England Nuclear, Boston, Mass.) in methionine-free DEBM. The labelled cells were either mock-infected or infected with HSV-2 at an m.o.i, of 2o and incubated for an additional I2 h in complete DEBM at 37 °C. At this time 4 × ~o ~ cells were harvested as in cell electrophoresis experiments and used in isoelectric focusing analysis.
The isoelectric focusing columns and solutions used in these experiments were designed to accommodate viable cells (Boltz et al. I977)-The following general requirements were taken into consideration: all solutions including the focusing pH gradient should be isotonic; the cells should not spend excessive periods at extremes of pH; the cells should, if possible be observable during focusing and recoverable after focusing; and the exposure of cells to ampholines should be as brief as possible. The pH and density gradient was prepared following a modification of the method described by Moore & Hibbitt (1975) . Arnpholines (LKB, Brooma, Sweden) were added to equal volumes of o ~ and 2o ~ Ficoll (mol.wt. 4ooooo; Pharmacia Fine Chemicals, Ltd, Uppsala, Sweden) solutions to give a final ampholine concentration of I ~. In addition, glucose and sucrose were added at concentrations that maintained constant osmotic pressure through the gradient (Boltz et al. 1973) . The two solutions were mixed in a gradient former and, as they were applied to the column, formed a 3"3 to 26"7 ~ Ficoll density gradient (and inverse sucrose gradient) which supported the pH gradient, produced by passing a current of 2 mA or less through the column for 24 h. The cathode solution was I N-NaOH, and the anode solution was I N-HaPO4.
After the pH gradient had formed and the current through the column at tooo V dropped to o-6 mA, the power was temporarily switched off and o. 4 ml of gradient fluid was removed from a specific position (pH 5"4) through the specimen entry system. The cell sample was resuspended in this material and inserted at pH 5"4 in the column. The current was applied for an additional 3 h which allowed the cells ample time to reach their isoelectric point. Water was continually pumped through the cooling finger and jacket to maintain the gradient temperature at 4 °C. After focusing, the cells were collected by pumping the gradient out through the top of the column and collecting 20 drop fractions for subsequent analysis (i.e. pH, radioactivity, infectivity).
Isoelectric focusing of virus. Isoelectric focusing of radioactively labelled virus was per-
formed for the determination of virion focusing pH. WRE cells were infected with HSV-2 at an m.o.i, of 2o p.f.u./cell. The virus being produced was labelled from 5 to 20 h p.i. in Medium 299 containing I ~ foetal calf serum, 14C-glucosamine (5 #Ci/ml), and aHthymidine (5 #Ci/ml). At 20 h p.i., the cells were freeze-thawed, sonicated, and centrifuged for I5 min at Iooog. The virus in this supernatant was collected by centrifugation for 2 h at 47 ooo g in a Beckman Type 3 ° rotor. The pellet was washed once with PBSu, resuspended in PBSu by sonication and applied to the isoelectric focusing column at pH 5"4 using the same procedure as for cells. 
RESULTS

Microscopic cell electrophoresis of HSV infected cells
The majority of experiments to be described involved HSV-I infection of WRE cells. However, at various times in the study, to establish that a given observation was not unique to the virus or cell type, the experiments were repeated using HSV-2 and other types of cells. I~itial experiments were performed in order to determine whether biophysical or biochemical alterations which occur at the surface of HSV-infected cells are electrophoretically detectable. If such changes occur they would be expected during the period in which virus glycoproteins are being produced and incorporated into both virions and plasma membrane. Therefore, infectious virus production was used as a gross indicator of virus macromolecular synthesis. The growth of HSV-I in WRE cells is shown in Fig. I . A period of eclipse at 3 h p.i. was followed by production of the majority of infectious virus from 6 to I2 h p.i. On the basis of this HSV-I growth curve, electrophoretic mobility measurements were taken from I to I2 h p.i.
The results of cell electrophoretic measurements made at i, 3, 6, 9, and I2 h p.i. are also presented in Fig. I . While the uninfected control mobility value, represented by the crosshatched area, was -I'94+o'o3 #m/s/V/cm over the time period of the experiment, HSV-I infected cells demonstrated a progressive decrease in mobility. The first significant change was detected at 6 h p.i. when mobility had dropped to -1.83 + o'o3 #m/s/V/cm. The mobility of infected ceils continued to decline to -I-7o + 0"o3/~m/s/V/cm at 9 h p.i. and finally to -I'65 + o.o2 #m/s/V/cm at i2 h p.i. It is of interest to note the mobility decline coincident with the appearance of newly synthesized infectious virus at 6, 9, and I2 h p.i.
In order to demonstrate that decreased mobility is a general characteristic of HSV infection, identical electrophoretic studies to those previously described were performed using WRE (rat), SHE (hamster), or A31 (mouse) cells infected with either HSV-I or HSV-2. For comparative purposes, all results shown in Fig. 2 experiment. The change in mobility induced by HSV-I infection of SHE and A3I cells is very similar to that previously described for WRE cells. A slight increase in mobility occurred at 3 h p.i. in all cell types infected with HSV-I but was statistically significant only in A3I cells. The most dramatic change observed in all cell types was a progressive decline in mobility after HSV infection. The magnitude of this decline was o'27 + o.o2 in WRE cells, 0"29 + 0"03 in A3I cells and o.II + 0.02 #m/s/V/cm in SHE cells. The only observation inconsistent with this general description was the small increase in mobility observed in HSV-I infected SHE cells between 9 and I2 h p.i. Decreases in electrophoretic mobility, as shown in Fig. 2 were also observed in HSV-2 infected cells. A decrease of o.4I #m/s/V/cm in HSV-infected WRE cell mobiIity occul red between 3 and 9 h p.i. HSV-2 infected A3I cells became significantly different from uninfected control cells at 6 h p.i. and finally declined o'37 #m/s/V/cm at 12 h p.i. SHE cells displayed a decrease of o.I2 #m/s/V/cm but not until 12 h p.i.
In general, our results show a decline in mobility after HSV infection. However, we have, not noted quantitative changes specific to either cell or virus type. 
Bulk isoelectric focusing of control and HSV-1 infected WRE cells
To confirm and extend the previous observation of a decrease in cell surface charge density in HSV infected cells an independent technique was selected to examine this phenomenon. Therefore, isoelectric focusing, a procedure which reflects net cell surface ionic composition, was also used to monitor changes in the surface charge induced by HSV infection.
Control or HSV-I infected (IZ h p.i.) WRE cells labelled with 35S-methionine were introduced simultaneously into identical pre-formed pH gradients fpH 4"o to 6.o) at a pH of 5"4-After focusing for 3 h at IOOO V, the cells had reached their isoelectric point as indicated by their stationary positions within the gradient. Cells were then harvested in 6o fractions, trichloroacetic acid (TCA) precipitated, and the radioactivity quantified by liquid scintillation counting. The results of one representative experiment are presented in Fig. 3 , which reveals that HSV-I infected cells focused at pH 4"58 while uninfected control cells focused at pH 4"48. The visually observed distance between the two bands was o. appeared on the acidic edge of both control and infected cell distribution had identical focusing pH of 4"43-This experiment was repeated three times to obtain a mean pI value ( _+ s.e.) for uninfected WRE cells of 4"47 -+ o-o3 and a mean focusing pH for HSV-I infected WRE cells of 4"62 + o'o4. Similar results were also found when control and infected cells were focused within the same gradient (data not shown). Collectively, these experiments demonstrate that HSV-I infection of WRE cells induces a o.r 5 pH unit increase in the focusing pH of the intact cells. This change makes the ionic nature of the infected cell surface more similar to that of the HSV-I virion.
Isoelectric focusing of HSV-1 virions
Since the surface of HSV-I infected cells becomes antigenically similar to the virion surface (Roane & Roizman, I964) , the isoelectric point of the H SV virion was also measured. Radioactive virus was prepared in WRE cells for analysis of its isoelectric focusing profile. This labelled virus was then suspended in PBSu, sonicated, and inserted at pH 5"4 into a pH gradient of 4"o to 6-o. After focusing for 3 h, the gradient was collected in 5o fractions. Each fraction was assayed for virus infectivity and TCA-precipitable radioactivity. The results presented in Fig. 4 demonstrate that all indicators of the complete virion focused in the pH range of 5"o to 5"8. While the mode of both infectivity and 3H-thymidine fell at a focusing pH of 5"I8, 14C-glucosamine had a modal focusing pH of 5"1o. A minor band of 3H-thymidine radioactivity was also detected as a non-infectious peak at a focusing pH of 4.15. The focusing pH of isotope-labelled HSV-I grown in HEL cells was also measured * WRE cells were infected with HSV-I at an m.o.i, of 2o for 12 h and then exposed in suspension to io raM-SITS for 45 rain prior to determining electrophoretic mobility. -1-37-+ 0"03 -1.51 _+ 0"03 -1.76 _+ 0"03 normal sera * The various cell types were infected with HSV-I at an m.o.i, of 20 for I2 h and then exposed in suspension to a I : Iooo dilution of pre-bleed serum or HSV immune serum prior to determining electrophoretic mobility. and found to be nearly identical to HSV-I grown in WRE cells (data not shown). HSV grown in other cell types by Olofsson (I975) showed similar isoelectric focusing profiles.
The effect of an amino-specific reagent on the electrophoretic mobility of control and HSV-I-infected WRE cells
The observation of an HSV-induced decline in surface charge density described above is consistent with the hypothesis that basic amino groups are being introduced to the cell surface. This hypothesis was further tested by reacting the cells with SITS, a reagent which reacts covalently with surface exposed amino groups to eliminate their positive charge. The amino groups are replaced by a SITS molecule which bears two anionic (negative) sulphate groups (Maddy, I969) . The net electrostatic result of this reaction is to convert each monovalent cationic amino group into two anionic charges. As shown in Table I the mobility of infected cells, -I"33 _+ o'o3/zm/s/V/cm, was lower than the mobility of uninfected control cells, -I "65 + o.o4 #m/s/V/cm. After reacting the control cells with SITS, electrophoretic mobility increased from -1.65/zm/s/V/cm to -2.I3 + o'o4 #m/s/V/cm; a net increase of o.48#m/s/V/cm. However, SITS treatment of infected cells resulted in a much larger increase in mobility. The mobility difference between untreated (-I.33#m/s/V/cm) and SITS treated (-2-47 /zm/s/V/cm) infected cells was I'I4#m/s/V/cm. These results indicate that infected ceils have 2"4 times as many surface charges affected by the amino-specific reagent than did uninfected control cells. 
Herpes infection alters cell surface charge 457
The effect of HSV antibody on the electrophoretic mobility of control and HSV-I infected cells Studies with other cell types have shown that antigen-antibody reactions which occur at the cell surface can be detected electrophoretically (Hartman & Nungester, I953; Forrester et al. I965) . Immunological studies were therefore designed to determine whether HSV antigens were present in the region of the cell periphery which is responsible for electrokinetic charge. Mobility shifts due to the reaction of HSV antiserum with HSV surface antigens were electrophoretically monitored. The results of such studies, presented in Table 2 , indicate that the mobilities of all three infected cell types return to control or approximate control values after exposure to a 1 : Iooo dilution of antibody to HSV. However, if infected cells were treated in an identical manner with non-immume serum obtained from the same rabbit prior to immunization with HSV-I, mobility values remained unaltered and similar to those of untreated infected cells. These specificity studies demonstrate that the HSV induced change in the ionic nature of the celt surface can be electrokinetically neutralized (masked) by HSV antiserum.
DISCUSSION
Variations in the physical and chemical state of the cell surface have been considered responsible for the signals which influence the function of and the interactions between mammalian cells (Ambrose, I966; Curtis, I967; Mehrishi, i972) . Ionogenic groups on the cell surface give mammalian cells a net negative surface charge which dictates a number of important physical properties of the plasma membrane (Curtis, I967; Mehrishi, I972) . HSV infection of most mammalian cells induces the appearance of membrane glycoproteias which alter the ceil surface (O'Dea & Dineen, I957; Roane & Roizman, I964; Watkins, 1965; Brier et al. I97I) . Virus-induced cell surface changes in a lytic infection may result in cell clumping, syncytia formation, and other cytopathic events (Gray et al. I958; Ejercito, et al. I968) . A more precise definition of how virus-specified surface membrane modifications relate to cellular metabolism and interactions between adjacent cells is currently unavailable. Although most studies have focused on the biochemical nature of surface virus glycoproteins, functional implications remain elusive.
Electrophoretic techniques can be used to monitor changes in the molecular (ionic) composition of the mammalian cell surface. At physiological pH, the absolute value of the surface charge density is dictated by: (I) the dissociation constants of the positive and negative ionogenic groups present, (2) the ratio of the positive to negative groups and (3) their concentration at or near the electrokinetic plane. Our study has used two electrophoretic techniques to demonstrate changes in the ionogenic groups occurring at the cell surface following HSV infection. While the microelectrophoresis technique (at physiological pH) detects changes in the surface charge density which can result from changes in any of the above three quantities, the final focusing pH observed by whole cell density gradient isoelectric focusing is independent of surface charge density. Consequently, shifts in focusing pH can be utilized in calculations utilizing simple chemical assumptions to predict mathematically if changes in net surface charge density observed by microelectrophoresis are solely concentration effects or changes in the net chemistry of the ionogenic groups.
This investigation has demonstrated a maximum of I9"4 ~ decrement in surface charge density following HSV infection of WRE cells (Fig. I, Table I ). The microelectrophoresis studies comparing the mobilities of control and infected cells after reaction with SITS or HSV antibody indicate that the charge alteration is, at least in part, due to the appearance of amino groups which are virus specific. Probably these amino groups are associated with newly synthesized virus glycoproteins incorporated into the plasma membrane during the course of infection (Roizman & Furlong, 1974) . Based on the simplifying assumption that negative surface charge is contributed by a glycosidic carboxyl group (pKa ~ 2.6; Cook & Stoddart, I973) and the positive charge by amino groups, the observed change in focusing pH would predict up to a 29 ~ change in electrophoretic mobility. This value can be calculated if the dissociating amino groups that contribute to the surface charge decrement have 7"6 ~ pK~ >i I 2"5, and the dissociation reactions of the amino and carboxyl groups of the cell surface depend upon pH:
K, GCH ~ GC-+H +, ) Kg : IO -2"6, 10 -12"5 ~< Kn ~< IO -7"6.
It is of interest to estimate the ratio R total glycosidic carboxyl residues = total 'N' residues (3) at the electrokinetic surface in order to evaluate the chemical feasibility of the hypothesis that HSV infection adds positive ionogenic groups to the cell surface.
In terms of equation 12) this ratio is given by so that glycosidic carboxyl residues appear to be present at a I"3 ~ greater concentration than positive ionogenic groups at the electrokinetic surface of the uninfected cell. The excess of negative ionogenic groups would be even less if Kg were higher.
However, if infected cells are isoelectric at pH 4"62, then R = 1"oo952 when Kn = IO -12"5, R = 1"oo846 when Kn = lO -7.6 , so that glycosidic carboxyl residues of infected ceils are about I 9/oo more numerous than positive groups, at the electrokinetic surface. The value of Qi for infected cells calculated from equation (7) can be anywhere from I'O to 29 ~ less than Qo for uninfected cells, so that the 19"4 ~ decrement in net negative surface charge observed in HSV-infected WRE cells is consistent with the observed increase in the focusing pH of infected cells. Hence, results of isoelectric focusing experiments and electrophoresis experiments are consistent with the suggestion that HSV infection adds positive ionogenic groups to the cell surface.
However, one must consider other possibilities to account for our observation, including the loss or masking of negative ionogenic groups. Since there appears to be no major loss of protein from the plasma membrane of HSV infected cells (Heine et al. I972) , we further examined the possibility that after infection the number of cationic groups on the cell surface was increasing. For this purpose SITS, art amino-specific reagent (Maddy, 1969) , was used as a reagent to quantify the relative number of amino groups on control and infected WRE cells. The change in mobility observed after SITS treatment (Table I) indicated that infected cells had 2-4 times as many amino groups on their surface. However, even though more surface amino groups were present on the cell surface after infection, their association with antigenic HSV glycoproteins was not demonstrated by this technique.
Consequently, electrophoretic neutralization using HSV antibody was performed to demonstrate virus specificity. The bases for these studies were reports which have demonstrated that charged antigenic groups on the cell surface can be masked by homologous immunoglobulins which render them electrokinetically undetectable (Hartman & Nungester, 1953; Forrester et al. I965; Ambrose, 1966 ) . Since the isoelectric point for surface adsorbed antibody molecules (pI 4"5 to 4"7) is similar to that of the cell surface, electrophoretically detectable changes in surface chemistry due to adsorption of antibody molecules should be minimal relative to uninfected cell surface. However, these same antibodies when bound to HSV antigens in the cell surface should negate (mask) their charge contribution to net surface charge resulting in similar electrophoretic mobilities between infected and uninfected cells. Indeed, the results of these studies (Table 2) follow this electrokinetic prediction and suggest that HSV antigens bear cationic groups which are responsible for the observed altered mobility of infected cells.
In addition to the antibody results, isofocusing studies of purified virus and infected cells suggest that the plasma membrane pI of infected cells is becoming more like the virion surface. This was not an unexpected result since HSV virion components are found in the plasma membrane of infected cells (Roizman & Furlong, I974) and could be expected to contribute to the net surface charge. The isoelectric focusing studies have indicated that HSV virions and infected cell surface have a less acidic surface than does the uninfected cell periphery. The observation that HSV has the same focusing pH when it is grown in HEL, WRE or chick cells (Olofsson, 1975) suggests that a virus component in the plasma membrane determines the elevated isoelectric properties observed.
While the mathematical prediction, electrophoresis, isoelectrofocusing, SITS data and electrokinetic neutralization studies are consistent with the results obtained, the functional implications of the presence of these new ionogenic groups at the cell surface remain obscure. However, it should be noted that the appearance of these surface cations may exert profound effects on the infected cell. For example, in model experiments, polycations (in the form of the polyamino acid poly-i-lysine) artificially adsorbed to the surface of mammalian cells induced changes which were similar to HSV induced cytopathology. This chemicallyinduced cytopathology was characterized by clumping of the chromatin and leakage of K + from the cell (Kornguth et al. I96I ; Mayhew et al. I973) as well as increases in the permeability of the plasma membrane to macromolecules (Ryser, 1968) . Furthermore, polycations cause electrophoretically measurable decreases in cell surface charge which decreased intercellular repulsion (Kornguth et al. I96I; Ambrose, I966) resulting in an increase in adhesiveness (i.e. agglutination of the cells; Ambrose, I966; Deman & Bruyneel, I974)-Each of these artificially induced changes has a counterpart in HSV-induced cytopathology.
In particular, our study has demonstrated that HSV infection induces a decrease in electrophoretic mobility. In addition, others have reported that HSV infection of cells leads to: O) cell death, (2) chromatin clumping (Munk & Saur, I964), (3) decreases in transmembrane potential (Fritz & Nahmias, i972) which could be caused by K + elttux, (4) leakage of both RNA and protein (Wagner & Roizman, I969; Kaplan et al. I975) and (5) increases in intercellular adhesiveness ranging from clumping to fusion (Ejercito el al. I968).
In conclusion, we have noted changes in the surface charge of HSV infected cells which may be attributed to increases in the number of surface amino groups associated with HSV proteins or glycoproteins inserted into the plasma membrane. Evidence for this relationship relies on the experimental observations that changes in surface charge correlated with: (I) kinetics of HSV production, (2) binding of SITS (an amino specific reagent), (3) neutralization with HSV antibody, (4) c.p.e, similar to that induced by artificially adsorbed polycations, and (5) similarities between ~ irion surface and infected cell surface. This work was supported by Public Health Service Contract NO1 CB43984 from the Division of Cancer Biology and Diagnosis, National Cancer Institute.
